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Abstract 

Background: Sepsis caused by Staphylococcus aureus often leads to brain microabscesses in humans. Animal 
models of haematogenous brain abscesses would be useful to study this condition in detail. Recently, we 
developed a model of 5. aureus sepsis in pigs and here we report that brain microabscesses develop in pigs with 
such induced 5. aureus sepsis. 

Twelve pigs were divided into three groups. Nine pigs received an intravenous inoculation of S. aureus once at time 
0 h (group 1) or twice at time 0 h and 12 h (groups 2 and 3). In each group the fourth pig served as control. The 
pigs were euthanized at time 12 h (Group 1), 24 h (Group 2) and 48 h (Group 3) after the first inoculation. The 
brains were collected and examined histopathologically. 

Results: All inoculated pigs developed sepsis and seven out of nine pigs developed brain microabscesses. The 
microabscesses contained 5. aureus and were located in the prosencephalon and mesencephalon. Chorioditis and 
meningitis occurred from 12 h after inoculation. 

Conclusions: Pigs with experimental 5. aureus sepsis often develop brain microabscesses. The porcine brain 
pathology mirrors the findings in human sepsis patients. We therefore suggest the pig as a useful animal model of 
the development of brain microabscesses caused by 5. aureus sepsis. 

Keywords: Pig, Staphylococcus aureus, Brain, Model, Sepsis, Abscess, Haematogenous 



Background 

Staphylococcus aureus is a leading cause of sepsis in 
humans [1]. Autopsy studies have revealed a high frequency 
of microabscesses in the brain of sepsis patients. The occur- 
rence of brain microabscesses is especially high in sepsis 
caused by S. aureus [2]. Despite this, brain involvement is 
often an unrecognized complication in sepsis patients. This 
is because of several diagnostic difficulties: the symptoms of 
brain microabscesses can be vague and fleeting, and such 
symptoms can be difficult to distinguish in gravely ill sepsis 
patients [2]. Therefore, brain microabscesses are prone to 
diagnostic delay. The consequence of this is an immense 
lack of knowledge about the course and pathology of 
sepsis-related microabscesses in the brain. 
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Recently, we developed a porcine model of sepsis based 
on intravenous inoculation of S. aureus [3]. We used this 
model to study systemic effects of sepsis but examination 
of brain lesions was not carried out [3]. However, the 
neurological complications in humans with S. aureus sep- 
sis make the brain a highly relevant organ to evaluate in 
models of sepsis. Therefore, we undertook this study to 
evaluate if pigs develop brain microabscesses during ex- 
perimental S. aureus sepsis. 

Methods 

Brain tissue from 12 female SPF Yorkshire/Landrace pigs 
with a BW of 20-25 kg from an earlier study of sepsis 
were used [3]. The pigs were acclimatized for 7 days prior 
to the trial and were fasted for the last 12 h prior to inocu- 
lation. The pigs were clinically examined immediately be- 
fore the trial and randomly assigned into 3 groups (1-3). 
The pigs were sedated and anaesthetised before and dur- 
ing bacterial inoculation. Sedation was achieved by intra- 
muscular injection with a solution containing zolazepam, 
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tiletamine, xylazine and ketamine, (0.83 mg/kg BW 
of each drug), and buthorphanol (0.17 mg/kg BW). A 
22G catheter was inserted into the right ear vein for in- 
fusion of anaesthetics. Anaesthesia was achieved with 
a solution containing xylazine (1 mg/ml), ketamine 
(2 mg/ml), buthorphanol (0.1 mg/ml), and guaifenesine 
(48 mg/ml). Anaesthetics were administrated as dose- 
to-effect and only during inoculation. A 22G catheter 
was inserted into the left ear vein for inoculation of S. 
aureus strain S54F9 {spa type tl333) [4,5]. Nine pigs re- 
ceived a saline suspension of 10 8 colony forming units 
S. aureus ml/kg BW [4]. The suspension was adminis- 
trated once at 0 h (groupl) or twice at 0 h and 12 h 
(groups 2 and 3). In each group one pig served as con- 
trol and received mock inoculation(s) with sterile sa- 
line. The sedation, insertion of ear-vein catheters, and 
anaesthetization were repeated during subsequent in- 
oculations. At termination of the trial, the pigs were se- 
dated with an intramuscular injection with a solution 
containing zolazepam, tiletamine, xylazine and keta- 
mine, (0.83 mg/kg BW of each drug), and buthorphanol 
(0.17 mg/kg BW). After sedation the pigs were eutha- 
nized with pentobarbital intracardially. Pigs were eu- 
thanized at 12 h (Group 1), 24 h (Group 2) and 48 h 
(Group 3) after the first inoculation with bacteria 
(Table 1). During the entire trial pigs were closely mon- 
itored and evaluated on appearance and general condi- 
tion. Any sign of severe pain would have prompted 
immediate euthanasia as stated in our protocol for hu- 
man endpoints [3]. As such, the animal welfare con- 
cerns related to sepsis models were managed by several 
different aspects of the study design; the maximum 
time frame of 48 h, the human endpoints, the close 
monitoring of the animals, and the low number of 



experimental animals. The entire procedure was 
approved by the Danish Animal Experimental Act 
(licence No. 2008/561-1462). 

The pigs were necropsied immediately after euthanasia. 
For use in this study-part brains were sampled and fixed 
by immersion in 10% neutral buffered formalin. After fix- 
ation the brains were divided through the longitudinal 
cerebral fissure. One brain-half was randomly selected 
from each pig and cut in 4 mm thick coronal slabs [6]. 
From each coronal slab, a section of 4 \im was cut and 
stained with haematoxylin and eosin. Additional sections 
were subjected to immunohistochemistry to visualize S. 
aureus antigen according to a previously developed proto- 
col [7] . Each section was examined for inflammatory reac- 
tions in the three tissues: the nervous tissue, the choroid 
plexus, and the meninges. In the nervous tissue the ab- 
scesses were counted. In the choroid plexus and in the 
meninges the number of neutrophils was scored on a 
semi-quantitative scale (Table 1). The histological examin- 
ation was done blinded. 

Results 

All infected pigs developed sepsis as reported earlier [3]. 
Necropsy revealed no macroscopic changes in the 
brains. 

Histology revealed microabscesses in the brain of seven 
out of nine inoculated pigs. Microabscesses occurred in all 
groups (1-3). All microabscesses were acute with infiltra- 
tion of predominantly neutrophils and were surrounded 
by vacuolated neuropil (Figure 1). Immunohistochemistry 
showed presence of S. aureus antigen in the microabscesses 
(Figure 2). The microabscesses had a similar morphology 
across pigs. However, the number of microabscesses varied 
considerably between pigs within the same group (Table 1). 



Table 1 Experimental design and pathological changes in Staphylococcus aureus inoculated pigs 


Group no. 


Pig no. 


Inoculation 


Euthanisia 


Number of brain microabscesses 


Suppurative meningitis 


Suppurative choroiditis 


1 


1 


0 h 


12 h 


4 


0 


0 




2 


0 h 


12 h 


8 


+ 


0 




3 


0 h 


12 h 


0 


+ 


+ 




4 (control) 


0 h, mock 


12 h 


0 


0 


0 


2 


5 


0 h + 12 h 


24 h 


3 


+ 


+ 




6 


0 h + 12 h 


24 h 


10 


++ 


+ 




7 


0 h + 12 h 


24 h 


2 


++ 


+ 




8 (control) 


0 h + 12 h, mock 


24 h 


0 


0 


0 


3 


9 


0 h + 12 h 


48 h 


1 


+++ 


+++ 




10 


0 h + 12 h 


48 h 


0 


+ 


+ 




11 


0 h + 12 h 


48 h 


3 


+++ 


+++ 



12 (control) 0 h + 12 h, mock 



48 h 



0 



0 



0 



In the nervous tissue the number of microabscesses was counted and summed up for each animal. The infiltration of neutrophils in the meninges and in the 
choroid plexus was scored on a semi quantitative scale. The semi quantitative score of each pig was found by this method: Ten fields with the tissue of interest 
were randomly sampled in each section from each pig. The fields were examined at 40x objective. The number of neutrophils in the tissue of interest were 
counted in each field and summed up for all sections to yield a total number for each pig. Based on this total number of neutrophils each pig was then scored on 
the following scale: 0 = < 15; += 16 - 50; ++ = 51 - 100; +++ = >! 00. 
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Figure 1 Focal brain microabscess. The abscess consists of a 
necrotic centre surrounded by a rim of neutrophils and edema. Pig 

No. 2. Haematoxylin and eosin. Bar= 100 urn. 

k, J 




Figure 3 Suppurative choroiditis. Infiltration with neutrophils in 
the stroma of the choroid villi. Pig No. 5. Haematoxylin and 
eosin. Bar = 50 urn. 

J 



All microabscesses were located in prosencephalon 
and mesencephalon, primarily within the territory de- 
scribed to be vascularized by the medial cerebral artery 
[8]. Out of 27 microabscesses in total, 25 were located 
in the grey matter and 2 were located in the white mat- 
ter. In addition to presence of microabscesses, the ner- 
vous tissue displayed oedema and perivascular cuffing 
dominated by neutrophils (Table 1). 

Histology of the choroid plexus revealed neutro- 
philic chorioditis in seven out of nine inoculated pigs 
(Table 1 and Figure 3). Chorioditis was occasionally 
accompanied by periventricular oedema and/or epen- 
dymal desquamation. 



Figure 2 Focal brain microabscess with Staphylococcus aureus. 

This staining shows presence of S. aureus antigen in the centre of a 

microabscess. Pig No. 2; same abscess as in Figure 1. 

Immunohistochemical staining for S. aureus antigen. Bar= 100 urn. 
\ J 



Histology of the meninges showed a multifocal occur- 
rence of an inflammatory infiltrate in all but one inocu- 
lated pigs. This infiltrate consisted of neutrophils and/or 
macrophage-like cells with the neutrophils dominating 
until 24 h after inoculation (Table 1). 

None of the control pigs showed any brain pathology. 

Discussion 

Autopsy studies have revealed a high frequency of brain 
microabscesses in human sepsis patients. Brain micro- 
abscesses are especially frequent in sepsis caused by S. 
aureus [2]. In our study of porcine S. aureus sepsis, we 
likewise found a high frequency of brain microabscesses. 
The brain microabscesses occurred concurrently with in- 
flammation in the meninges and in the choroid plexus. 
The occurrence of the brain microabscesses was not re- 
stricted to areas close to the meninges or the ventricular 
tissues. Rather, the microabscesses were primarily found 
within the territory of the medial cerebral artery. Hence 
the bacteria were probably spread from the blood to the 
three tissues simultaneously and not as a secondary 
spread from the meninges and the choroid plexus to the 
nervous tissue or vice versa. The exact mechanism(s) be- 
hind this direct colonisation of the nervous tissue with 
bacteria from the blood is uncertain. However, it is known 
that damage to the nervous tissue and the blood-brain 
barrier is a prerequisite for most bacterial invasions from 
the blood to the brain [9]. In sepsis patients such damage 
may be caused by several events including: immunologic 
and toxic damage caused by cytokines released during 
sepsis; haemorrhage/leakage from the vessels caused by 
vasculitis; or by cerebral infarction caused by either vascu- 
litis, by disseminated intravascular coagulation, or by em- 
boli. Emboli might even be septic and thereby cause a 
direct implantation of infectious material to the damaged 
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brain area(s) [9,10]. Several of these events might also take 
place concurrently in a sepsis patient. Thus there can be 
many pathways for the development of brain abscesses in 
sepsis. All of these pathways seem possible in both human 
and porcine sepsis with one exception: different from 
humans pigs have a microarteriolar meshwork, the rete 
mirabile, interposed between the internal carotid artery 
and the Circle of Willis [11]. The rete mirabile probably 
prevents the spread of large emboli to the porcine brain 
[12]. This difference was however considered of minor im- 
portance to our model. The reason for this was that large 
human brain emboli would probably lead to severe symp- 
toms and uni-focal abscess formation. Contrary to this, 
human brain abscesses in sepsis patients are described as 
multiple and microscopic. Furthermore, these microabs- 
cesses are often clinically overlooked [2]. As such, large 
emboli seem a rather rare cause of human brain abscesses 
in sepsis. Therefore we assumed that the capture of large 
emboli in rete mirabile does not compromise a porcine 
model of sepsis-associated brain abscesses in humans. 
This assumption was confirmed by our findings as we 
showed the same brain pathology in porcine sepsis as de- 
scribed in human sepsis despite the presence of a rete mir- 
abile in the pig. This leads us to suggest the pig as an 
appropriate animal for models of haematogenous brain 
abscesses caused by sepsis. Furthermore, we consider a 
porcine model of haematogenous brain abscesses an im- 
portant contribution to existing models of brain abscesses. 
Many existing models of brain abscesses use local trans- 
cranial induction of brain infection. Such models also 
often include the use of foreign materials such as agarose 
beads as a vehicle for the bacteria [13,14]. However, a 
model based on haematogenous spread of bacteria 
to the brain is needed to study the development of 
brain abscesses during sepsis. In addition, a model of 
haematogenous brain abscesses should preferable be 
developed in pigs because: pigs share many metabolic, 
physiological, and anatomical characteristics with 
humans [15]; S. aureus often causes metastatic infec- 
tions in both pigs and humans [16,17]; brain microabs- 
cesses commonly occur in both pigs and humans with 
systemic bacterial infections e.g. in endocarditis [6,18]; 
and pigs develop sepsis after intravenous inoculation 
of S. aureus [3]. As such the rete mirabile was the only 
difference between humans and pigs hitherto consid- 
ered an important hindrance in porcine models of 
haematogenous brain abscesses. This hindrance we 
hereby questioned. Future models of brain abscesses in 
sepsis might however take into consideration the pos- 
sible benefits of refining our model into a local haema- 
togenous brain model. One of the benefits of such 
refinement might be to spare the animals some of the 
symptoms related to sepsis and thus increase the animal 
welfare in these studies. 



Altogether, we have illustrated that brain abscesses de- 
velop in porcine sepsis comparably to human sepsis path- 
ology. We therefore suggest the pig as an appropriate 
animal model of human brain abscesses in sepsis despite 
the presence of a rete mirabile in the pig. 

Conclusions 

Our study demonstrates that experimental porcine S. 
aureus sepsis causes multiple microabscesses in the brain 
and an inflammatory reaction in meninges and the ventri- 
cles within 12 h of infection. As such, porcine sepsis mir- 
rors human sepsis with regard to brain pathology despite 
the presence of a rete mirabile in the pig. We therefore 
suggest the pig as a useful animal model of the develop- 
ment of brain microabscesses caused by S. aureus sepsis. 
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